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and Na forms) show marked similarities in terms of pH
edge placement and ionic strength dependence (8),
signifying comparability in surface complex strength and,
possibly, conformation and structure. Other metal-EDTA
complexes (e.g., NirlEDTA) show similar ligand-like
adsorption (91, indicating that they form similar surface
complexes.
Certain organic ligands promote the dissolution of
aluminum and iron oxides through the formation of surface
complexes that enhance the detachment of the surface
metal ion centers (Fe and Al) (10, 11). Organic di-acids
such as oxalate are particularly effective in promoting
dissolution through the formation of bidentate, mononuclear complexes (12,13) that polarize Me-0 structural
bonds. EDTA also induces the dissolution of iron oxides
(14-17), although the reaction mechanism, its kinetics,
and pH dependence appear more complex than the simple
organic acids because of its polydentate character. This
dissolution behavior is shown by the fact that EDTA has
been used as a selective extractant for soil amorphous iron
oxides (18-20). The driving force for dissolution is the
solubility of the oxide phase, which is enhanced by the
formation of aqueous metal ligand complexes (e.g., in the
case of EDTA, FeIIIEDTA).
EDTA (H and Na forms) promotes dissolution when
added to iron oxide suspensions or soil. However, it is not
known whether EDTA can induce dissolution when present
in strong aqueous complexes or in ternary surface complexes with CoIIEDTA. Moreover, the implications of such
behavior to surface transport of 6oCoand like ions are
profound. If CoI'EDTA can induce the dissolution of iron
oxide, then Co2+will be liberated from the complex and
free for other reactions (i.e., adsorption) as the divalent
cation. Complex kinetic behavior (21) and distancevariant retardation would therefore be expected of Co"EDTA in subsurface environments where such reactions
take place. Limited field evidence suggests that MeEDTA complexesare indeed destabilized when undergoing
transport through aquifer material as a result of EDTA
scavenging of Fe from solid phases (22).
Iron oxides are ubiquitous subsurface mineralogic
constituents and, because of their surface charge and
coordination properties, represent probable sorbents for
CoIIEDTA in groundwater systems. In this study, we
explore the time-variant sorption behavior of Co"EDTA
on synthetic iron oxide-coated sand, a sorbent chosen to
represent a simple surrogate of subsurface materials
containing poorly crystalline iron oxides. Adsorption edge
experiments were conducted in Ca electrolyte over a range
in pH to establish the surface complexation behavior of
Co2+,EDTA, and CoIIEDTA. These experiments were
augmented with time-course experiments at fixed pH (4.5
and 6.5)to evaluate the kinetics of sorption and dissociation
of CoIIEDTA complexes. A kinetic model was developed
that accounts for the noted observations and that assists
in the identification of the rate-controlling step(s) in this
complex reaction suite.
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The time-variant chemical behavior of CoIIEDTA (and
other metal-EDTA complexes) was investigated in suspensions of iron oxide-coated sand to identify equilibrium
and kinetic reactions that control the mobility of MeIIEDTA complexes in subsurface environments. Batch
experiments were conducted to evaluate the adsorption
as a function of pH, concentration, and time and to
quantify the rate-controlling step@)of dissolution of the
iron oxide by EDTA complexes. Ionic Co2+ exhibited
typical cation-like adsorption, whereas MeIIEDTA adsorption was ligand-like, increasing with decreasing pH.
Adsorption isotherms for all reactive species exhibited
Langmuir behavior, with site saturation occurring at molar
values of <0.5% of FetOt. The adsorption of MeIIEDTA
enhanced the apparent solubility of the iron oxide phase,
which destabilized the CoIIEDTAcomplex,liberating Co2+
and FeIIIEDTA. The dissolution rate was an order of
magnitude slower at pH 6.5 than at pH 4.5 and was
influenced by the re-adsorption of solubilized FeIIIEDTA.
Two multireaction kinetic models were developed that
each included Langmuir adsorption for Co2+and metalEDTA species but differed in their depiction of the
dissolution mechanism (i.e., ligand- versus protonpromoted dissolution). Ligand-promoted dissolution was
most consistent with the experimental data. It is suggested
that CoIIEDTAwill undergo similar reactions in subsurface
environments causing complex, distance-variant retardation.

Introduction
Cobalt, as 6oCo,is an important radioactive constituent
found to migrate in the subsurface a t defense-related sites
(1-3). Its subsurface migration has been greater than
anticipated as a divalent cation because of its apparent
complexation by organic ligands such as EDTA (used as
a decontaminating agent) and natural organic matter (46). Such complexation creates anionic complexes whose
adsorption behavior is different from that of the free metal.
The subsurface chemistry of CoIIEDTA is complex, involving equilibrium and potentially time-variant reactions
such as adsorption, oxidation, and dissociation (7). Little
information exists on the geochemical behavior of Co"EDTA under conditions relevant to groundwaters, and as
a consequence, its subsurface migration is not readily
predicted.
Co'IEDTA complexes are strongly adsorbed by alumina
and exhibit "anion-like'' adsorption behavior with adsorption increasing as pH decreases (8). The complex apparentlyremains stable over the time period of the adsorption
measurement because its stability constant (logK = 17.5)
exceeds that of either free Co2+or EDTA with the surface.
The adsorption behaviors of CoIIEDTA and EDTA (H
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Table 1. Physical and Chemical Properties of Particles
size
av dia.
range (mm)
(mm)
medium
uncoated silica sand
silica sand, 1.2%iron oxide coated
silica sand, 0.6% iron oxide coated
silica sand, 0.3% iron oxide coated

0.075-0.21
0.075-0.21
0.075-0.21
0.075-0.21

0.14
0.14
0.14
0.14

surface"
area (m2/g)
0.5
3.4
3.4
0.4

Feb

Feb
(clmol/g)

(%)

1.2

214
107
54

0.6

0.3

DCB Fee
(pmol/g)

NHzOH Fed
(clmol/g)

0.443
225
104

220

Measured by N2 adsorption. b Calculated. c Measured after extraction by dithionite citrate bicarbonate. d Measured after extraction by
hydroxylaminehydrochloride.

Experimental Methods
Preparation of Iron Oxide-Coated Sand. Iron oxidecoated sand was synthesized with a mass content of 0.3 %
(54 wmol g-1) and 0.6% (107 pmolgl) Fe. The sand (0.0740.21 mm; Unimin Corp., Emmett, ID, Table 1) was
predominantly quartz with some plagioclase and mica
(<2 % by mass as mica and smectite). The coated sorbent
was made by aging the acid-washed silica sand with iron
oxide gel that had been synthesized in a separate flask by
hydrolysis of a 0.24 mol L-I ferric chloride solution (23).
The ferric oxyhydroxide gel was equilibrated approximately 24 h at pH 7.5 before mixing with the sand. The
mixture was aged for approximately 4 days with pH
adjustment as necessary to maintain a pH of 6.5-7.0, and
was washed daily with 0.1 mmol L-l NaC1. The coated
material was then filtered in a large Buchner funnel and
dried in a forced air oven at 35 "C.
The procedure yielded a distinctly red-colored sand;
via microscopy the iron oxide phase appears as particulates
adhering to the sand surface rather than a uniform coating.
The iron oxide phase produced an X-ray diffraction pattern
characteristic of two-line ferrihydrite (Le., maxima at 0.24
and 0.15 nm) (24). The mineral association maintains
integrity with mild agitation and during column experiments (reported on in a subsequent paper). Close to 100%
of the iron oxide phase is extractable from the sand with
hydroxylamine hydrochloride (Table l), signifying its
generally poorly crystalline character. This synthetic
sorbent is similar in iron content and other characteristics
to a series of natural iron oxide sands from subsurface
environments that have been studied for similar reasons
(25).

Adsorption and Dissolution Experiments. Adsorption of Co2+, EDTAP, and Co11EDTA2-at
mol L-1
was measured on 0.6% iron oxide-coated sand over the
pH range of 4-10 to establish their surface complexation
behavior. The solid-to-solution ratio was 0.82 g cm-3, and
the electrolyte was
mol L-l Ca(C104)~.Equilibration
times of 23 h were used for Co2+and EDTAP, while times
of 1.1,23,and 69 h were used for CoIIEDTA. Experiments
were performed in borosilicate vials that were agitated on
a rotary mixer (10 rpm) in the dark. Sorption was
quantified by radioanalysis (14C,6oCo)after filtration (0.1
or 0.02 pm). The adsorption of CoIIEDTA was followed
by dual tracers POCO, [l4C1EDTA)to establish whether
the complex maintained integrity during sorption. The
typical activity of each isotope was about 10 000 dpm mL-l.
Disparate fractional removal patterns of l4C and 6OCo
during the sorption of CoIIEDTA in these and the
experiments described below was taken as evidence of
complex dissociation. Other experiments not reported
here documented that CoI1EDTA2-maintainedits valence
integrity during all of the experiments described herein.
Isotherms at fixed pH (4.5 and 6.5) were measured for
Co2+,EDTAP, and Co"EDTA2- on the 0.6% Fe-coated

sand over a sorbate concentration range of 10-8-10-3 mol
L-1 to determine (i) whether adsorption conformed to the
Langmuir isotherm, (ii) the sorption maxima for the
different anionic and cationic sorbates, and (iii) whether
the sorption behavior of CoIIEDTA and its stability on
the surface were comparable at different adsorption
densities. The pH was maintained at 4.5 with 10-3.0mol
L-1 acetic acid or at pH 6.5 with 10-3.0 mol L-l PIPES
[piperazine-N,"-bis(2-ethanesulfonic acid)] buffer. Selected measurements performed in the presence and
absence of PIPES buffer at the same pH's showed that
this buffer had minimal effect on the sorption of Co2+or
CoIIEDTA to the iron oxide-coated sand. The buffers
maintained pH at low ligand concentrations and changed
slightly (i.e., pH 4.5 to 4.9) at high ligand concentrations.
The isotherms were measured at different equilibration
times (0.25, 2, and 48 h) in Ca electrolyte to determine
whether complexdissociation was influencing the sorption
behavior. Additionally, isotherms were measured for
EDTA in Na and Ca electrolyte to evaluate potential
differences in sorption behavior between CaEDTA and
NaEDTA/HZEDTA, the dominant aqueous species of
EDTA in Ca and Na electrolyte. The solid-to-solution
~ 4.5 and
ratio used for the isotherms was 0.022g ~ m at-pH
0.82 g ~ m at- pH
~ 6.5. Sorption was quantified by singleand dual-label radioanalysis after supernatant filtration
as noted above for the pH edge experiments.
Time-course experiments (to 1500 h) were conducted
for EDTA (10-5.0and 104.2mol L-1) and CoIIEDTA (10-5.0,
104.5,and 104.2mol L-I) a t pH 4.5 and 6.5 with pH buffer.
These experiments assessed the interrelationships between
time-variant sorption behavior, complex dissociation
[CaEDTA, Co"EDTA1 and appearance of Fe3+ in the
aqueous phase as a consequence of ligand-promoted
dissolution of the iron oxide. The experiments were
performed at two solid-to-solution ratios (0.022 and 0.82
g cm") in
mol L-I Ca electrolyte with pH buffer,
where vials were mixed with a slow rotary tumbler (10
rpm). Sorbate concentrations were quantified at 10-15
different times by radioanalysis (Co and EDTA) and ICPMS (Co and Fe) after filtration.
Solute Analysis. Samples containing radioactive
tracers (14C,6oCo)were filtered through a 0.1- or 0.02-pm
filter and analyzed by liquid scintillation counting. A filter
test showed that a 0.45-pmfilter was effective at removing
iron oxide particles that were released by the Fe-coated
sand. Sample activities were compared against solution
standards to determine the concentration remaining in
solution; standards were typically 10 000-50 000 dpm mL-1.
With detection limits of <50 dpm mL-l, radiolabeled solute
concentrations were quantifiable to a concentration that
was 0.5 5% or less of the initial value. Counting precision
was typically 0.1 % Dual-label (14C,6oCo)radioanalysis
procedures were applied to correct for the energy overlap
of the two isotopes. Because the soil/water ratio varied
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Table 2. Equilibrium Constants Used in Equilibrium
Calculations
s
I-

h

1

E
10-8

reaction

log Keq"

ea2++ EDTAP = CaEDTA2Ca2+ + EDTA" + H+ = CaHEDTACa2++ H2O = CaOH+ + H+
Fe3+ + EDTA" = FeII'EDTAFe3++ EDTA" + H+ = FeIIIHEDTA
Fe3+ + EDTAP + H2O = FeII'OHEDTA + H+
Fe3++ EDTA" + 2H20 = Fe111(OH)2EDTA+ 2H+
Fe3+ + H2O = FeOH2++ H+
Fe3+ + 2H20 = Fe(OH)Z++ 2H+
Fe3++ 3Hz0 = Fe(0H)S + 3H+
Fe3+ + 4Hz0 = Fe(0H)p + 4H+
2Fe3++ 2Hz0 = Fe2(OH)z4++ 2H+
Co2++ EDTA" = Co11EDTA2eo2++ EDTA" + H+ = CoIIHEDTACO'+ + H2O = CoOH+ + 2H+
eo2++ 2H20 = Co(OH)2+ 2H+
eo2++ 3Hz0 = CO(OH)S+ 2H+
H+ + EDTA" = HEDTAS
2H+ + EDTAP = H2EDTA'3H+ + EDTA" = HsEDTA4H" + EDTAP = HdEDTA
Fe3++ 3Hz0 = Fe(OH)a(s) + 3H+
eo2++ HzO = CO(OH)~(S)
+ 2H+

12.32
15.93
-12.60
27.51
29.08
19.65
9.60
-2.19
-5.67
-13.60
-21.60
-2.95
17.97
21.40
-9.67
-18.76
-32.23
11.03
17.78
20.89
23.10
-2.70
-12.37

" 1 = 0, 25 O C .

lo4 VI,,

~

) , , , J ,, , ,

,\,,

,(,(

PH

d

, ,, ,

\ \,

lb

, ,, ,I
1I

1!2

Figure 1. Predicted solution specles in
mol L-I Ca electrolyte for
(a) lo-' mol L-l EDTA: (b) 10-4 mol L-1 EDTA in contact with amorphous
mol L-l CoIIEDTA in contact with amorphous
iron oxyhydroxide;(c)
iron oxyhydroxide.

slightly in each vial, reported concentrations were normalized to the average soil/water ratio of the experiment.
Samples taken for Fe or Co analysis by ICP or ICP-MS
were additionally filtered through a 1.8-nm filter (Amicon,
Inc., Boston, MA) before analysis. This filtering process
involved soaking the filters in dilute HC1 for 2 h, twice
filtering 5 mL of dilute HC1 through the filter by
centrifugation (3000 rpm for 10 min), filtering 2.5 mL of
sample (discarding), then filtering 5 mL of sample. ICP
analysis had detection limits of 3 X 10-6 mol L-l Fe or Co,
whereas ICP-MS had detection limits of 7 X
mol L-l
Co and 8 X lo-' mol L-l Fe.
Results
Aqueous Speciation. Aqueous speciation exerts a
critical influence on the chemical behavior of this complex
system. In Ca electrolyte, EDTA speciation is dominated
by the CaEDTA2- complex (Figure la). When EDTA is
added to a suspension of iron oxyhydroxide (assumed to
be ferrihydrite with log K = -2.70, Table 2), model
calculations that assume solubility equilibrium and ignore
1708 Environ. Sci. Technol., Vol. 28, No. 9, 1994

adsorption show that Fe is dissolved a t lower pH's to yield
FeIIIEDTA- (Figure lb).
The speciation of an equimolar mixture of Co2+ and
EDTA in Ca electrolyte is dominated by the formation of
the CoIIEDTA complex, which outcompetes that of Ca at
a pH below 10. The speciation of this mixture, however,
changes dramatically if solubility equilibrium with iron
oxyhydroxide is assumed (Figure IC, adsorption not
considered). Thus, we may assume that CoIIEDTA and
CaEDTA complexes will be thermodynamically unstable
in contact with iron oxyhydroxide below a pH of approximately 5.5 and will partially or fully dissociate in
favor of the more stable FeIIIEDTA complex a t a pH below
7. The speciation shown in Figure 1 did not change
appreciably over the sorbate concentration range used in
this study ( 10-5.2-104.0 mol L-l). Equilibrium constants
for the reactions involved in Figure 1are reported in Table
2.

Sorption Behavior. With a 23-h equilibration period,
Co(I1) and EDTA showed typical cation- and anion-like
adsorption on the iron oxide-coated sand (Figure 2).
Consistent with its adsorption behavior on alumina (B),
CoIIEDTA adsorbed as an anion (Figure 2). The adsorption of the three solutes is therefore consistent with surface
complexation reactions of the following general format:

+

kn

Co2+ FeO- + FeO-Co+

(1)

kbl

kn

Co"EDTA2+ + FeOH,' + FeOH,-Co"EDTA-

(2)

k b2

Ca"EDTA2-

+ FeOH:

kn

+ FeOH,-Ca"EDTA-

(3)

kw

We have chosen to represent the EDTA and Me-EDTA
surface complex throughout this paper as a surface ion
pair, because their adsorption shows rather strong ionic
strength dependence on A1203 (8). This is a conceptualization only, and other formalisms are possible. The
adsorption of CoIIEDTAwas less than that of EDTA below

a)

b)

f

10-6
100

t

10-1

10-2
10-3

PH

* 104

mol L-I Co1*EDTA2-,Co2+, or EDTA4Flgure 2. Adsorption of
in
mol L-l Ca onlo iron oxide-coated sand (0.6%Fe) over 23.1
h at a soil/water ratio of 0.82 g ~ m - ~ .

a)

1135

l l l l i l l l l i t l

1

10.6
c)

-&

loo
10-1

0.8-

3

-

% 10-2
E 10-3
si
I

3; 104
10-5

A
e

0.8

c (pmol cm-3)
Flgure 4. Adsorption isotherms on the 0.6% Fe-coated sand: (a)
C02+ at pH = 6.5 (W) and pH = 4.5 (A),with (0)and (A)showing
selectedmeasurements on the uncoated sand, all at 48 h; (b) CaEDTA2(4) and Na2EDTA2- (+) at pH = 4.5 for 0.25 h, Na2EDTA2-at pH =
4.5 on uncoated sand (+), and CaEDTA2- at pH = 6.5 for 2 h (0)or
48 h (X); (c) Co11EDTA2-at pH = 4.5 for 0.25 h (X = C e , 4 = EDTAT)
or uncoated sand (+ = EDTAT),Co11EDTA2-at 2 h (+ = COT, 0 =
EDTAT),and 48 h (X = C q , 0 = EDTAT), and uncoated sand for 2
h (0).All experiments at pH = 4.5 had a soillwater ratio of 0.022g
~ m - and
~ , those at pH = 6.5 had a soil/water ratio of 0.82 g ~ m - ~ ,

4

adsorption at 23 h were a result of complex dissociation,
as both solutes show identical behavior with this shorter
equilibration period. We therefore concluded that the
following reactions also occurred in the CoIIEDTAsystem:
(OH),FeOH,-Co"EDTA-

+ 2H'

-

Fe"'EDTA4

5

6

7

8

9

10

PH
Flgure 3. CoIIEDTA adsorption at different pH in 1,23,and 69 h based
on solution analysis of (a) total Co and (b) total EDTA. Adsorption of
Coli and EDTA4-is shown for comparlson. Experimentalconditions are
10-4.5mol L-1 Co"EDTA2- in
mol L-1Ca, and Iron oxide-coated
sand (0.6%Fe) at a soil/water ratio of 0.82 g ~ m - ~ .

pH 8.0, and differences in the fractional uptake of [6OCo]and [l4C1EDTA(Figure 2) were observed. Measurements
with a 1-h equilibration period (Figure 3) indicated that
the differences in Co'IEDTA and EDTA (CaEDTA)

Fe'I'EDTA-

+ FeOH;

+ Co2++ 3H,O

(4)

km

+ FeOH,-Fe'I'EDTA

(5)

kba

For expediency,we have chosen to represent ferrihydrite
in eq (4) as Fe(OH)3, recognizing that other chemical
formulas have also been applied to describe this solid.
The adsorption of Co2+ and various EDTA species all
conformedto Langmuir behavior (Figure 4) with the anions
(NaZEDTA", CaEDTA2-,and Cd'EDTAZ) yielding common sorption maxima (Table 3). The EDTA anion
sorption maximum at pH 4.5 (0.0049mol mol-l of Fe) was
approximately four times less than that for Co2+at pH 6.5
Environ. Sci. Technoi., Vol. 28, No. 9 , 1994
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pH 4.5

time (h)

time (h)

1.o

0.8
0.6

e

'

0.4

0.2

0.0
0.01

0.1

I

10

time (h)

100

lo00 0.01

0.1

I

10

time (h)

100

loo0

Flgure 5. Time-course experiments with (a)
mol L-1 Co"EDTA*- with 0.6% Fe-coated sand (rsw= 0.022 g ~ m - at~ pH
) 4.5, (b) 10-4.19
mol L-I Co"EDTA*- with 0.6% Fe-coated sand (fsw = 0.022 g ~ m - at~ pH
) 4.5, (c) 10-4.50mol L-' Co11EDTA2-with 0.3% Fe-coated sand (raw
= 0.82 g ~ m - at~ pH
) 6.5, and (d) 10-4.50mol L-I CaEDTA2- with 0.3% Fe-coated sand (rsw= 0.82 g ~ m - at~ pH
) 6.5. FeT was normalized to
the equimolar concentration of CO"EDTA in each experiment.

Table 3. Langmuir Isotherm Constants Used in Models 1
and 2

reaction

pH 4.5
K
M
(cm3 (pmol
g')
em-3)

Co11EDTA2-adsorption (eq 2)
260
CaEDTA2-adsorption (eq 4)
160
FeII'EDTA- adsorption (eq 3 ) ~ 90
Co2+ adsorption (eq 1)
12

pH 6.5
K
M
(cm3 (pmol
g-')
cm-3)

0.0115°
0.0115

25
25

0.0115
O.OO1ld

9.0
49

0.016*
0.016
0.016
0.050e

0.0048 molmol-' Fe. b 0.00018m0lmol-~Fe. K determined from
pH edge, M assumed equal to that of CaEDTA and CoIIEDTA.
0.00046 mol mol-l Fe. e 0.00056 mol mol-' Fe.

(0.020 mol mol-l of Fe), and both were well below the
reported adsorption site density of amorphous iron oxyhydroxide (0.20 mol mol-' of Fe) (26). These maxima
indicate that (i) the iron oxide phase is agglomerated; (ii)
other mineral phases in the coated sand, such as mica,
may contribute to Co2+ sorption; and (iii) EDTA-cation
complexes cover multiple surface sites. With respect to
the last explanation, several have speculated that large
oxyanions (e.g., SeOs) cover two to four surface sites on
1710 Environ. Sci. Technol., Vol. 28, No. 9, 1994

iron oxides (27,28). By size analogy, comparable behavior
may be expected of EDTA, as previously suggested for
adsorption on alumina (9).
The isotherms for CoIIEDTA at pH 6.5 (2 and 48 h;
Figure 4c) provided further evidence for complex dissociation (disparate c o and EDTA adsorption). The
downward shift of the CoI'EDTA isotherm with time (to
48 h) indicated that the dissociation products were less
strongly sorbed than was CoIIEDTA. Dissociation was
greatest a t lower adsorption densities. In contrast to Co"EDTA, CaEDTA did not show time-variant sorption
behavior (Figure 4b), in part because FeIIIEDTA adsorption was similar to CaEDTA adsorption (Table 3).
Selected measurements with the uncoated sand indicated
that the ferrihydrite was the primary sorbent for the
anionic species (Figure 4b,c) and the dominant sorbent
for Co2+, with some contribution from the micaceous
component of the sand.
Dissolution Behavior. Time-course experiments documented that the timing of dissociation of CoIIEDTA
qualitatively corresponded to an increase in the aqueous
concentration of Fe (Figure 5). Dissolution was measurable
after 1 h and was greater at pH 4.5, where the solubility

Table 4. Observed Dissolution Mass and Rate
PH

ligand

ligand
(mol L-1)

Fe dissolved0
(mol L-1)

8.51 X 10-8
7.74 x 10-8
8.51 X 10-8
6.84X lo5
6.46 X lo6
4.27X 1od
6.46 X 1od
9.11 x 1od
6.5
3.38 X 10-8
1.59 X 10"
2.88 X 106
1.77 x 105
5.62 X 1od
7.58 X 10"
5.62 X 1od
1.17 X 1od
By 500 h. b Total Fe was 2.36 X 10-9 mol L-l (pH 4.5 ) and 8.81 X
only (i.e., Table 1, coated surface area - unbound surface area).
CoIIEDTA2EDTA'
CoIIEDTA"
EDTA'
CoIIEDTA"
CoIIEDTA"
CoI1EDTA2EDTA"

4.5

a)
M
-

h
d

d
&

Q

g 4.10-4

0

$

I

I

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0

time

UI)

Figure 6. Fe dissolution kinetics promoted by (a) CaEDTA2- at a pH
of 4.5 (soii/water = 0.022 g ~ m - ~(b)
) , Cot1EDTA2-at a pH of 4.5
(soil/water = 0.022 g ~ m - ~and
) , (c) CottEDTA2-at a pH of P6.5 (soli/
water = 0.82 g ~ r n - ~ ) .

of the iron oxide is greater. Although the adsorption
kinetics of CaEDTA and Co'IEDTA were similar, CaEDTA
solubilized more iron in the same amount of time than did
CoIIEDTA (Figure 6a,b). The dissolution rate of iron oxide
by CaEDTA was, therefore, faster than that of CoIIEDTA.
Speciation calculations suggestedthat all Fe in the aqueous
phase was complexed by EDTA (i.e., FeIIIEDTA-,
Fe1110HEDTA2-).
Consistent with their pH-dependent sorption behavior
(Figures 2 and 3), the fates of Co2+ and EDTA from Co"EDTA differed depending on pH (Figure 5). At pH 4.5,
CoIIEDTA dissociation coupled with iron oxide dissolution
resulted in a large increase in aqueous Co2+,because Co2+
was weakly sorbed at this pH (Figures 2 and 3). The
increase in EDTA aqueous phase concentrations with time

max. adsorb.
sites (mol L-l)

Fe dissolved per
max adsorb. site

max. Fe dissolution*
rate (mol m-2 h-l)

1.15 X 1od
0.67
4.5 x 10-9
1.15X 1od
0.59
1.2 x 10-8
1.15 X lod
3.70
2.1 x 10-8
7.90
2.7 X 10-8
1.15X lod
3.00 X 10"
0.011
9.3x 10-10
1.50 X 10-4
0.011
3.00 X 10-4
0.025
2.1 x 10-9
3.00 X 10-4
0.039
or 4.40 X 10-2 mol L-1 (pH 6.5),surface area of iron oxide coating

at both pH values indicated that FeIIIEDTA complexes
were more weakly adsorbed than those with either Ca or
Co(I1). Dissolution of Fe was slower at pH 6.5 (Figure 6c)
than at pH 4.5 (Figure 6b), and there may be some
solubility control on FeIIIEDTA at pH 6.5, depending on
the actual K, compared to ferrihydrite used in calculations
(Figure Id).
The rate of Fe dissolution promoted by EDTA [Co(II),
Ca] was not a simple first-order function (Figure 61, as has
been observed for iron oxide dissolution by ligands such
as oxalate over shorter time periods (12). The nonlinear
dissolution rate resulted, in part, from the formation of
surface complexes with products of the metal-EDTA
dissociation/dissolutionreaction [i.e., FeO-Co+, FeOH2FeIIIEDTA] that do not promote detachment of surface
Fe (IO). The concentration of these "inhibiting" surface
complexes increased with time and dissolution. In their
study of ferrihydrite dissolution by polyphosphate, Lin
and Benjamin (29) also observed that the adsorption of
Fe-ligand complexesliberated by dissolution can slow the
subsequent dissolution rate of ferrihydrite. In addition,
because the ligand concentration exceeded site saturation
(Figure 4) in some cases, the dissolution rate at higher
ligand concentrations was also partially limited by adsorption [Table 4, where (Fe dissolved)/(maximum adsorption sites) > 1.01.
Modeling Reaction Kinetics. A kinetic model was
developed to describe the experimental data and to test
conformance to the surface adjunctive and solution
disjunctive mechanisms discussed by Hering and Morel
(30).The adjunctive mechanism (referred to as model 1)
is ligand-promoted dissolution. I t involves the adsorption
of the metal-EDTA complex and transformation/dissociation of the surface complex. Co2+and FeIIIEDTA
are released to solution or re-form surface complexes,
depending on solution pH. The adjunctive mechanism is
described by the adsorption reactions 1, 2, 3, and 5, the
aqueous complexation reaction
km

+

co2+ EDTA&+ CO"EDTA~-

(6)

kta

and two additional reactions that account for the overall
dissolution step (reaction 4):
kn

(OH),FeOH,-Co'IEDTA- +
kb7

(OH),FeOH2-EDTA3- + Co2+ (7)
(OH),FeOH2-EDTA3- + 2H+

- Fe"'EDTA- + 3H20
kta

(8)
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Reactions 7 and 8 were used to describe the dissolution
process because the release of FeIIIEDTA- followed the
release of Co2+in some cases (at pH 6.5, Figure 5c). If the
release of these two species was equivalent (as it nearly
was at pH 4-51, then dissolution could be described as a
single first-order reaction that is dependent on the
adsorbed ligand concentration (i-e., CoIIEDTA) (IO).
Dissolution by adsorbed CaEDTA was also described with
two reactions (reaction 8 and the analogue of reaction 7).
In the disjunctive mechanism (model 2), free EDTA in
solution (by decomplexation of CoIIEDTA and CaEDTA)
complexes with Fe3+ liberated by proton-promoted dissolution of the iron oxide surface. Adsorption and
dissolution are decoupled. Dissolution is driven by the
decrease in Fe3+ aqueous activity that occurs by complexation with EDTA. It is described by three reactions:
the dissociation of CoIIEDTA (reaction 6), the dissolution
of iron oxide

- Fe3++ 3(OH)-

3 0.4

t

Cototdata
model 1

- - - model 2

0.0

b)

kfs

Fe(OH),

.
-

-1

1.o

0.8

(9)

and the formation of FeIIIEDTA-

+

kno

Fe3+ EDTAP == FeEDTA-

4 OS6
u 0.4

(10)

\

kbio

The adsorption reactions (1,2,3, and 5) were also included
in model 2 to describe the time-variant sorption behavior
of the various solutes that accompanied the evolution of
Fe3+(aq)by the disjunctive mechanism.
The time-variant sorption behavior of CflEDTA coupled
with iron oxide dissolution was described using (i) mass
flux equations for nine species according to the surface
adjunctive mechanism (model 1,Table 5 ) or (ii) 10species
according to the solution disjunctive mechanism (model
2, Table 5). Both models assume Langmuir adsorption
behavior with mass action on cation (Co2+)-specific(SO-)
and anion (Co11EDTA2-,CaEDTA2-,NaZEDTA")-specific
(SOH2+) sites defined by the sorption maxima and
Langmuir binding constants from the isotherms (in Figure
4,as summarized in Table 3). The mass flux equations
included Langmuir constants and one rate coefficient for
adsorption reaction (31);the second rate coefficient is
calculated from included constants. Alternatively, had
mass flux equations been written with the forward and
backward rate coefficients (29,32),linear adsorption would
then be assumed. Mole balance expressionsfor each model
(Table 5) were then used to reduce the number of equations
to 6 (model 1) or 7 (model 2).
The set of differential equations (models 1and 2) were
solved numerically with a fourth-order Runge-Kutta
method. Because several reactions often occurred simultaneously, specific reaction constants were determined
using portions of data sets believed to be dominated by
a single kinetically controlled reaction. Eventually a single
set of reaction parameters was determined (Tables 3 and
6) that was used to model all data sets at a fixed pH (Le.,
adsorption isotherms, CoIIEDTA and CaEDTA timecourse experiments at different ligand and sorbate concentrations). In general, time-course experiments at low
CoIIEDTA or CaEDTA concentrations provided the best
data for fitting the adsorption and dissolution rate
constants because of the significant change in sorbate
concentrations over time that occurred. Because aqueous
concentrations of Co (by60Co)and EDTA (by [l4C1EDTA)
were analytically more accurate than Fe (by ICP-MS), Co
and EDTA data were fit preferentially over Fe data.
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Flgure 7. Simulations of adsorption and dissolution kinetics of 10-5.07
mol L-I Co"EDTA*- at pH 4.5; (a) total cobalt in solution (Cot, = Co2+
CoIIEDTA),(b)total EDTA in solution(EDTAw = Co'lEDTA CaEDTA
FeIIlEDTA), and (c) total Fe in solution (Fetot= FelIlEDTA).

+
+

+

Adsorption and Dissolution Kinetics. Model fits of
the adsorption kinetics of CoIIEDTA and other metalEDTA complexes (i.e., over 0-1 h) corresponded well to
data (Figure 71, because the adsorption reaction was well
characterized by the isotherm and because this reaction
was not complicated by the effects of other reactions. At
pH 4.5, adsorption of CoIIEDTA and CaEDTA were both
completed within minutes, similar to other studies (33),
whereas at pH 6.5, adsorption occurred more slowly (i.e.,
a few hours, Figure 5). The forward rate coefficient (kf)
for CoIIEDTA adsorption was about 30 times smaller at

Table 5. Kinetic Expressions Describing Adsorption and Dissolution Reactions of Co"EDTA'- and Iron Oxybydroxide

-

Model 1 Solution Species
m
d

dt

=kbl[(FeO-Cd) -Kl(CoXM, - (FeO€o+))]+kt, [(ComA) - &(Co)(mA)]
+kb7 [ K 7 ( F e O H , - C o O ~ A ~ - ( C o ) ( F e O H z - 11
~

2-

d(CaEmA) =&[(CoEuTA) - %(CoXEDTA)l+ b3 KFeOH2-Ca(n)EorA)
dt
-(CaEDTA~K3M-K3(FeOH~€~DTA)-KZ(FeOH~-CoEDTA)-K~(FeOH~-FeEDTA))l
=&[K&o)(EuTA)
- ( C o m A I + b 2 @eOH -Co(II)EDTA)
-(CoEDTA)(K~M-K3(FeOH~-C~DTA)-K~(FeO~~-CoEDTA)-K~(FeOH~-FeEDTA))l

d(CO@)md
dt

-

Model 1 Surface Species

=-'

bltFeO-Co+)-K1(Co)(%

- (FeWo+)) 1

d(FeoH;) = b z ( F e O H z - C ~ ~ A j + b ~ ( F e O H 2 - C a ( n ) E l Y I ' A ) (FeOH
+ly~ - F e r n &
dt
-bz(CoEDTAXKzM-K3(Hz-C~DTA)-KZ(FeOH~CoEDTA)-K~FeOHz-Fe~A))

-kb3(CaEDTA)(K3M-K3(FeOHz~EDTA)-Kz(~OH~-CoEDTA)-K~(FeOH~-FeEDTA))
-kb~(FeEDTAXKsM-K3(FeOH2€~~A)-K~(FeOH~-CoEDTA)-K~(FeOH~-Fe~TA))

-

d(Feo-co+) = -bl[(FeO-cO+) -KI(Co)(M, (FtOCo+))]
dt
d(FeOH,-CaEDTA)
=-kb3 (WOHz-Ca(n)EIlrA)
dt
(C~EDTA)(K~M-K~(F~OH,C~EDTA)-KZ(F~OH~€OEDTA)-K~(F~OH~-F~~DTA))~
k d ( q FeOH2-EDTff)- b7[&7(Fe O H , - C o o E n r A ) - ( C o ) ( F e O H 2 - ~ A ~ ~

-

d(Fe0HTCommA)=-kb7
dt
[ K ~ ( F e O H z - C o @ ) e a r A ) - ( C o ) ( F e O H z - ~ ~ ) KFeOHCoOEDTA')
l-~z
- (cOEDTAXKzM-K3(FeOHz€~DTA)-Kz(FeOH~-CoEDTA)-K~(FeOH~-FeEDTA))]

-

= bs[(FeOH,-Fe(IU)EDTA)
dFeoH2-FemmA)
dt
-(F~EDTA)(K~M-K~(F~OH~€~~A)-KZ(F~OH~€~EDTA)-K~F~OH~-F~~TA))]

-

Model 1 Mde Balance Expressions
(Coh=(Co)+(CqTIpT&)+ ( F e O - C o c ) + ( F e 0 H z - C o O ~ ~ )
(ELXAh = ( W A ) + (COOEDTA) + ( R O U " A ) + (FeOH,-Ca(n)EIXA)
+ ( F e O H z - C ~ E D T ~+)(FeOH,-Fe(IU)EDTA)
(Feh= @eO)+(FeOHi) + (FeOH2-Co(n)EnrA)+(FeOH~-Ca(n)~A)
+Z(FeOH2-FeOEDTA)+ (Fe(m)EarA) +(FeO -Co')
Model 1 Conceptual Approach

-

CoEDTA
Main
&.EDTA
Rendloos:

Co m

Co +

+EDTA

deEDTA
+ 30H

-

Model 2 Conceptual Approach
Win
Rrnctlms:

Additional

A FeEDTA CoEDTA

ss s s

Co EDTA FeEDTA CoEDTA

CnEDTA *&EDTA

+ JOH

pH 6.5 than at pH 4.5 (Table 6 J , whereas the reverse rate
coefficients(kb) changed little (about threetimessmaller)
from pH 4.5 to 6.5.
Modeling the dissolution process as ligand-promoted
(model 1) fit the EDTAT and COT data well, hut yielded
only fair agreement to the FeT data (Figure 7 ) . Experimental data showed that the time scale for dissolution in
the presence of Co"EDTA'- was tens of hours at pH 4.5
and hundreds of hours at pH 6.3. For example, at pH 4.5
(Figure 5a). Fe dissolution on the 0 . 6 % Fe-coated sand
started after 0.26 hand reached pseudoequilibrium in 5 l F
100 h (i.e., grouped solution species appear not to change,

Rextiom:

but individual solution species were still changing). In
contrast at pH 6.5 (Figure 5c) where dissolution started
after 20 h, pseudoequilibrium was reached after 100-300
h. Slower dissolution a t higher pH was previously
attributed to less ligand adsorption at higher pH (15).
Simulationsof the individual solution species showed that
actualequilibrium was reached in 1000h a t pH 4.5 (Figure
8a) and in an estimated 10 000 h at pH 6.5 (Figure ab).
The appearance of Fe(aq) at pH 4.5 could be described
with a single surface reaction. However, two slow surface
reactions (7 and 8) were required to describe the timing
of Fe release and other apparent speciation changes a t pH
Envlmn. Sd. Technol.,
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Table 6. Reaction Rate Constants from Model Fit to Data
model

reaction

CoEDTA2- adsorption (eq 2)
CaEDTA2- adsorption (eq 3)
FeEDTA- adsorption (eq 5)
Co2+adsorption (eq 1)
CoEDTA decomplexation (eq 7 )
EDTA-promoted dissolution (eq 8)
CoEDTA decomplexation (eq 7 )
FeEDTA complexation (eq 9)
H+-promoted dissolution (eq 10)
a In units of cm3 h-l rmol-l.
In units of h-1.
1,2
1,2
192
192
1
1
2
2
2

6.5, where the release of Fe(aq) (100-200 h) lagged behind
that of Co2+and EDTAT (Figure 5c). The first reaction
(7) involved the dissociation of the ternary surface complex,
and the second (8) involved the breaking of structural
bonds in the iron oxide, liberating Fe'I'EDTA- to the
aqueous phase. More rapid Fe release with CaEDTA
(Figure 5d) compared to CoIIEDTA (Figure 5c) a t pH 6.5
indicated that the ternary CaEDTA surface complex
dissociates faster than the surface complexwith CoIIEDTA.
The rate constantsfor innersphere water exchange on Ca2+(aq) exceed those for Co2+(aq)by 3 orders of magnitude
(30, 34), suggesting that the CaEDTA ternary surface
complex should be more labile than that with Co2+ [i.e.,
kf for reaction 7 for Ca >> than Co(II)].
to
The maximum iron oxide dissolution rates
mol m-2 h-l; Table 4) were similar to ligand-promoted
dissolution rates reported for goethite in the presence of
oxalate (12). Oxalate surface complexes are well known
to induce dissolution of metal oxides via the surface
adjunctive mechanism (35). There was 1 order of magnitude slower dissolution a t pH 6.5 compared to pH 4.5
or 5.62 X
mol L-l CoIIEDTA, Table 4),
(6.46 X
consistent with the order of magnitude less adsorbed ligand
at higher pH (Figure 2 or calculated adsorption from Table
3) available to dissolve the surface. At a pH of 1.5-3.5,
proton-promoted dissolution rates for iron oxide reported
by others (12)were similar to those observed here at higher
pH, indicating that proton-promoted dissolution (model
2) was a possible mechanism. In fact, experimental data
at pH 4.5 could be equally well simulated using the
disjunctive mechanism (model 2, Figure 7); thus the kinetic
models were sufficiently flexible such that goodness of fit
alone could not be used to uniquely identify the mechanism
or reaction sequence. The disjunctive mechanism, however, was unable to describe the retarded release of Fe(aq)
relative to Co2+ and EDTA at pH 6.5, arguing against its
acceptance as the controlling mechanism.

Discussion
Adsorption/Dissolution Mechanism. The complex
time-variant concentrations of Co, EDTA, and Fe that
result from the interaction of Co'IEDTA with iron oxyhydroxide can be described by a set of coupled adsorption
and ligand-promoted dissolution reactions. The kinetic
model that included Langmuir adsorption for Co2+and
metal-EDTA species and ligand-promoted dissolution was
also used to verify experiment initial conditions (i.e., that
aall CorlEDTA added as reactant was complexed) and to
predict important Co speciation changes that could be
overlooked. For example, simulations of dissolution
kinetics at high ligand concentrations (>10-4.0mol L-l)
1714 Envlron. Scl. Technol., Vol. 28, No. 9, 1994
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showed that there can be significant changes in the actual
solution species even though the total solution concentrations of Co and EDTAappeared constant. In one example
(Figure 5b), over the 1000h that COTremained essentially
constant (104.19-104.21mol L-l), CoI'EDTA concentration
decreased from 104.19to 0.0 mol L-l and Co2+increased
from 0.0 to 104.21mol L-1.
Implication in Field Systems. Although experiments
and simulations have shown that ligand (CoIIEDTA)
concentration and pH influence the rate and extent of
Co"EDTA dissociation, the mass ratio of solid phase Fe
to ligand (CoIIEDTA)also has important implications. In
most groundwaters containing Co'IEDTA as a contaminant, its aqueous concentrations are low (<lo-&mol L-1).
With these concentrations and in sediments containing
0.1 % of poorly crystalline iron oxides, dissociatively driven
dissolution reactions could occur for long periods (>lo 000
pore volumes) before solid phase Fe is exhausted. In
contrast, higher CoIIEDTA concentrations near contaminant sources could dissolve all the iron oxidegrain coatings.
Simulations of such Fe-limited systems (with 0.6% Fecoated sand and >lO-3 mol L-l CoIIEDTA, Figure 8c)
showed that dissolution was slower (for example, FelI1EDTA appeared up to 1 order of magnitude later), and
the species distributions a t equilibrium were different.
This study can provide insight on the field-scale
transport behavior of CoIIEDTA. In one field experiment
at the Hanford site, Coin high pH (9.1) subsurface material
that was originally emplaced as CoIIEDTA was virtually
immobile after 9 years (36). In contrast, C O ~ ~ J I ~ E D T A
exhibited fairly high mobility in low pH (5.6) soils a t Oak
Ridge National Laboratory (7). At the high pH of the
Hanford soil, sorptive interactions of CoIIEDTA are
minimal (8, 25) (Figure 3 ) , and the complex would be
expected to be mobile. The field data, however, implied
that CoIIEDTA dissociated to free Co2+, which was
immobile a t high pH as a result of adsorption and
precipitation reactions. Iron and aluminum oxides, as well
as calcite, exist in the Hanford soil, and these are plausible
reactants to liberate Co2+(32),although ferrihydrite would
not liberate FeIIIEDTA a t this pH (see Figure Id).
Conversely, in Oak Ridge soils, Co mobility may be greater
regardless of iron oxide interactions because both
Co11EDTA2-and free Co(I1) exhibit moderate adsorption
a t this lower pH. Furthermore, manganese oxides in Oak
Ridge soils promote the oxidation of Co'IEDTA to CoTI1EDTA (37), which increases the stability of the complex
(log K = 41) and reduces the strength of adsorption (8,
38).
Waste sites releasing CoIrEDTA complexes often contained organic and mineral acids (39)that create complex
pH gradients in associated soils and subsurface materials.

field-scale study of ZnEDTA (44, 45) also demonstrated
that both chemical equilibrium and kinetic reactions were
needed to simulate the transport behavior.

Conclusions
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Flgure 8. Simulations of adsorption and dissolution kinetics showing
individual solution species (a) 10-5.07mol L-l Co11EDTA2-at pH 4.5, (b)
10-5.07 mol L-' Cot1EDTA2- at pH 6.5, (c) higher Co11EDTA2concentrations at pH 4.5 to equal or exceed the molar ratio of Fe(SOH2+)(solld line, 10-2,eo
mol L-l CoI1EDTA2-;dashed line, 10-l.Bo mol
L-1 Co11EDTA2-).All simulations assume 0.6% Fe-coated sand with
soil/water = 0.022 g ~ m (pH
- 4.5)
~ or 0.82 g ~ m (pH
- 6.5).
~

Additionally, equilibrium model calculations of CoIIEDTA
interaction with iron oxide at high ligand concentrations
(>lO-3 mol L-1) indicate significant H+ consumption (pH
change from 4 to 7 via hydroxyl release, reactions 8 and
9) and impact on system Htot.Accurate prediction of Co"EDTA migration and respeciation under nonuniform pH
conditions or at high ligand concentrations would require
explicit consideration of pH-variant reactions and those
most significant to Htot, such as surface protonation/
deprotonation, aqueous hydrolysis, and accessory phase
dissolution and precipitation. Such computations would
require a linked geochemical transport code capable of
computing multiple chemical equilibria (40, 41) and
multiple kinetic (42, 43) reactions with flow. A recent

This study used a synthetic iron oxide-coated sand as
a surrogate of subsurface material to investigate the
reaction series that governs the mobility of MeIIEDTA
complexes in the vadose and saturated zones. We have
shown that coupled adsorption and dissolution reactions
control the aqueous concentrations and speciation of Co"EDTA in contact with iron oxides and that such reaction
interdependence must be explicitly considered to account
for their subsurface geochemical behavior.
The adsorption of CoIlEDTA on the iron oxide-coated
sand was ligand-like; it increased with decreasing pH and
showed site saturation behavior at higher aqueous concentrations corresponding to an adsorption density of
approximately 0.5 % of Febt. Dissolution, which occurred
after adsorption of CoIIEDTA, resulted in the liberation
of free Co2+and FeIl'EDTA complexes. The readsorption
of Co2+ and FeIIIEDTA affected the dissolution rate by
competing with CoEDTA for surface sites and by forming
nondissolution-promoting surface complexes. The effects
of Co2+ and FeIIIEDTA on dissolution and their rate of
release into solution were intimately tied to their own
adsorption behaviors, which showed contrasting trends
with respect to pH. Thus free Co2+was released more
rapidly and rose to higher concentration at pH 4.5 where
its adsorption to the iron oxide-coated sand was slight.
Iron oxide dissolution, as promoted by EDTA (CO"EDTA and CaEDTA), was most consistent with a tworeaction mechanism involving Me-EDTA surface complexes (i.e., ligand-promoted dissolution). The solution
disjunctive mechanism was considered unlikely because
the temporal variations in the concentrations of Co, EDTA,
and Fe at pH 6.5 could not be explained by a single
dissolution reaction. Experimental data and simulations
with an adsorption/dissolution kinetic model showed that
the ligand concentration (i.e., EDTAtot),the nature of the
adsorbing ligand complex (e.g., CoIIEDTA, CaEDTA), pH,
and the Fe/ligand ratio all influence the dissolution rate
and the temporal distribution of adsorbed and aqueous
species.
These studies indicate that, in the absence of oxidation
to the more stable CoII'EDTA complex, if pH C 7, Co"EDTA complexes will ultimately dissociate in transport
through subsurface porous media, resulting in distancevariant retardation. Far-field transport of radioactive
P0Co1EDTAcomplexes may therefore be expected only
in low pH subsurface environments that are depleted in
iron oxides or in those environments that promote
oxidation to the highly stable, weakly sorbing CoIIIEDTA
complex. In high pH environments, ['WoIEDTA dissociation will occur slowly in the presence of iron oxides,
but the resulting 60C02+will be highly sorbed.
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